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We introduce the current issues on structure, dynamics, and folding of proteins
and address the applicability of linear infrared absorption spectroscopy and its
two-dimensional version (2D IR) for resolving protein structure at the atomic
level and determining protein dynamics. Proteins are involved in many bio-
chemical reactions and also perform mechanical functions such as providing
strength and elasticity of living systems. Determination of structure and dy-
namics of proteins is essential to understand their functions. A fully extended
protein structure can spontaneously fold into its three dimensional thermo-
dynamically stable native structure, this represents a phenomenon known as
protein folding. Resolving and identifying different structural motifs of pro-
teins in a folding process are important to track the folding pathways. To this
end, here, we provide linear infrared absorption and 2D IR spectroscopy based
simulation methodologies that can be combined with experiments to charac-
terize the local structures and dynamics of proteins. We set up a simulation
protocol for unraveling the unfolding kinetics of proteins and the tools that
will allow one to distinguish between the folding intermediates that differ by
hydrogen bonding patterns. We show from a combined study of theory and
experiments that 2D IR is an ideal spectroscopic technique for resolving the
structure of those proteins which are intrinsically disordered, amorphous and
have sub-nanosecond conformational stability.
2 Chapter 1: General Introduction
1.1 Characteristics of Proteins
Proteins are indispensable components of living systems which participate
in almost any biological process in the organism. Enzymes are proteins
which function as catalyst in chemical reactions to favor the reactions in
the forward direction by lowering the activation energy of the reactions such
that the equilibrium condition is reached faster [1]. In the animal body fi-
brous proteins perform mechanical functions and keep the body in shape.
For example, collagen, the most abundant protein in the body [2], is the
principal component of connective tissues and is generally found in tendon,
ligament, skin, and bone, where it provides tensile strengths. Elastin which
is found together with collagen provides elasticity of the body, i.e. it helps
to restore the original shape of the tissues subject to mechanical deforma-
tion [3]. Immunoglobulins (antibody) [4] are used by the immune system of
the body for identification and neutralization of foreign objects (antigen)
such as bacteria and viruses. Proteins also function as transporter, for ex-
ample, hemoglobin transports oxygen through the blood [5] and membrane
transport proteins or channel proteins are involved in transporting water,
ions, small molecules, and urea [6].
Functions of proteins are directly related to their structures and dynamics.
There are 20 naturally occurring fundamental building blocks of proteins,
known as amino acids [1]. Except for proline, all amino acids have an iden-
tical backbone; they only differ by side chain structure. For proline the side
chain binds to the backbone forming a ring (Fig. 1.1), which makes it a
structurally special amino acid. Peptide bonds are formed between amino
acids to build the main chain of a polypeptide, that is, a given amino
acid sequence describes a primary structure of a protein. This polypeptide
chain folds spontaneously into a three-dimensional structure and this phe-
nomenon is called protein folding. During folding local secondary structures
can form, such as α-helices, 310-helices, pi-helices, β-sheets and tight turns
(some of these are depicted in Fig: 1.2) stabilized by hydrogen bonding.
The third level of protein structure is called tertiary structure, which is
the three dimensional structure of a single protein molecule, possibly con-
taining several secondary structural components. The tertiary structure is
stabilized by both local and non-local interactions such as hydrogen bonds,
salt bridges, disulfide bonds, and the tight packing of side chains due to hy-
drophobicity. Finally, tertiary structures assemble to form a multiprotein
complex. This complex configuration is named the quaternary structure.
The protein folding problem [8, 9] arose from the thermodynamic hypothe-
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Figure 1.1: A schematic picture to demonstrate a primary structure built
with the amino acid residues: valine (Val), proline (Pro), and glycine (Gly).
Red, blue, cyan, and white colored atoms are oxygen, nitrogen, carbon, and
hydrogen, respectively. Blue circles are used to indicate carbonyl groups.
For Pro, the side chain forms a ring with the backbone making it structurally
different from other amino acid residues.
sis [10, 11] that given an amino acid sequence a protein folds into a thermo-
dynamically stable unique three-dimensional native structure. In a folding
process proteins may not find the correct native state, but get stuck in
kinetic traps resulting in misfolding [12]. Misfolding causes aggregation of
partially folded or unfolded polypeptide chains, which is involved in dis-
eases like Alzheimers’ and Parkinson’s disease, cancer, and type II diabetes
[13, 14]. Thus, the protein folding/misfolding problem has aroused a lot of
attention of scientists from different disciplines and they have been address-
ing the following crucial issues: ”What are native structures of proteins?
What are the folding pathways leading toward the native structure, i.e. the
paths leading to the global minimum in the free energy surface? What are
the folding intermediates accessed in a folding process? What are the tran-
sition rates among these intermediates?” In the early stage of the folding
problem, it appeared to be a great challenge to answer these questions, but
with the advancements of experimental [15–25] and computational tech-
niques [26–29] in the last decades important advances have been made on
structure determination and folding of proteins.
To understand the folding process or function of proteins, it is necessary
to have a clear understanding of their structures. Then, to understand the
global three dimensional structure of proteins, it is necessary to understand
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Figure 1.2: The cartoon (left) of the immunoglobulin binding domain
of streptococcal protein G, resolved with nuclear magnetic resonance spec-
troscopy [7]. The atomic structure of a part of the α-helix and the β-sheet
are depicted on the right side. The blue dashed lines between the oxygen
and hydrogen atoms indicate hydrogen bonding.
their local structures first. Thus, small peptides having secondary struc-
tural elements are generally considered for primary investigation. To this
end, in this thesis, we study three types of peptides in water solution (Fig.
1.3). First, a β-hairpin peptide (Trpzip2) [30] is examined which has β-
sheet structure accompanied with a β-turn, the stability of this peptide is
attributed to tryptophan side chain packing forming a hydrophobic core and
cross-strand hydrogen bonding. The dynamic surroundings of each building
block for this peptide are characterized. The heterogeneous configuration
space of the turn, that is, a collection of structurally distinct sub-ensembles
of the turn is obtained. Second, a cyclic β-hairpin peptide (GS10, an ana-
log of an antibiotic peptide, gramicidin S) [31] with a highly stable and
rigid backbone also having β-sheet structure and a β-turn is investigated.
Kinetics of structural components of this peptide are determined following
a sudden thermal denaturation (temperature-jump). Third, an elastin like
peptide [32] and its mutants are considered. These are intrinsically disor-
dered rubber like peptides with highly flexible backbone. The distributions
of their turn structures are resolved in terms of hydrogen bonding patterns.
Altogether, we investigate the configuration space and conformational dy-
namics of the local structures for two types of peptides: peptides with high
structural rigidity and peptides with high structural flexibility.
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Figure 1.3: (a) Trpzip2: the backbone and tryptophan (TRP) side chains
are depicted, (b) the cyclic peptide GS10 with a very stable and rigid back-
bone, (c) a folded configuration of an elastin like peptide.
Techniques for probing structures and dynamics of proteins
X-ray crystallography [33] is a well known technique to provide high reso-
lution atomic structure of crystallizable proteins although it lacks the dy-
namics information. Small angle X-ray scattering allows to tract the con-
formational changes in proteins in solution and thus allows one to monitor
the transitions between native and non-native structures [15, 16]. Nuclear
magnetic resonance (NMR) experiments are excellent to determine ensem-
bles of protein structures in solutions, it resolves conformational changes
occurring on microseconds and longer time scales and has been used in
folding studies of proteins [17, 18]. Circular dichroism spectroscopy can
provide insights into protein structure and folding for the optically chiral
proteins [19, 20]. Fluorescence spectroscopy is another powerful tool in this
context, but it requires that the proteins contain a fluorescent chromophore
[21]. Such chromophores can be chemically attached but are bulky which
may affect the studied protein. Single-molecule fluorescence spectroscopy
[22, 23, 34] has turned out to be a promising technique to tract the struc-
tural changes at the single molecule level, making it possible to follow
the folding pathways of individual molecules. Infrared (IR) spectroscopy
[24] and its two-dimensional version (2D IR) [35] have been proven to be
ideal choices for investigating hydrogen bonding network based structures
of proteins in solutions [36–50] or membranes [51–55]. The uniqueness of
the infrared spectroscopic techniques is the possibility to resolve ultrafast
dynamics, offering a time resolution of nanoseconds down to femtoseconds.
Results of infrared spectroscopic measurements of complex systems such as
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proteins are often hard to interpret and theoretical investigation is required
to understand the underlying physical phenomenon. Molecular dynamics
(MD) simulation is extensively used to theoretically examine the dynam-
ics of proteins. A continuous MD trajectory of a protein at a particular
temperature can explore its configuration space, although in some cases
the length of the trajectory is not sufficient to cover the whole configu-
ration space. The trajectory may get trapped in a few local minima in
the free energy surface and move back and forth between them, therefore,
other local minima and the global minimum may be missed. The replica
exchange molecular dynamics (REMD) method [56, 57] is very useful to
overcome such difficulties. Using this technique multiple MD simulations
of a protein run in parallel at exponentially distributed temperatures and
replicas of the protein at two adjacent temperatures are exchanged with
a certain probability based on the standard Metropolis criteria [57]. The
purpose is to make configurations at high temperatures available to the MD
simulations at low temperatures and vice versa, hence accessing the most
part of the configuration space by passing over the activation barriers at
higher temperatures. Recently developed Markov state models for the con-
figuration space of proteins [58, 59] allow to decompose it into kinetically
metastable macro-states such that most of the configurations are reached.
It is important to note here that the configuration space depends also on
the force fields used to describe a protein and its surroundings. Use of a
particular force field gives a particular structural preference which differs
between force fields [60]. Some biological systems are very large and their
structural changes occur on a time scale not accessible with atomistic sim-
ulations. For such systems, coarse-grained molecular models [61–65], for
example, the MARTINI model [61] is very useful. In this model, several
atoms are grouped together to reduce the degrees of freedom of a system of
interest and the groups interact through an effective potential. Thus, the
model is computationally very efficient allowing one to investigate large
systems.
1.2 Amide I vibrations
Looking at the peptide backbone (Fig. 1.1) a carbonyl group (CO) is ob-
served in every building block. Its stretching vibration dominates the amide
I region (generally 1600-1700 cm−1) of the infrared spectrum. Because of
the large transition dipole of the CO stretch, it exhibits strong infrared
absorption. The frequency of the amide I vibration is sensitive to the sur-
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rounding structure and dynamics due to electrostatic interactions and the
oscillators are coupled via electrostatic interactions between them. Probing
the amide I vibration it is possible to obtain information about the struc-
ture and dynamic environment surrounding the corresponding CO group.
Especially, hydrogen bonding of the carbonyl oxygen to the amide or water
hydrogen is resulting in a red shift of the frequency. Thus, with linear in-
frared absorption and 2D IR spectroscopic techniques backbone structures
with different hydrogen bonding patterns can be resolved. For example, the
amide I band for an α-helix is located between 1640 cm−1 and 1660 cm−1
with two sub-bands (A and E1) separated by 10 cm
−1, while for a β-sheet
structure two peaks are observed at 1640 and 1680 cm−1 [45, 66, 67]. In
2DIR spectra β-sheet structures are recognized by the Z shape resulting
from excitonic couplings [68, 69].
In the amide I band of a peptide, the contribution from all CO groups
overlap leading to a rather congested spectrum. Isotope labeling is a tech-
nique which is used to isolate the spectrum of a particular amide I site
from the main band by red-shifting the frequency of that site. 13C16O and
13C18O labeling are commonly used, resulting in redshifts of 41 cm−1 and
60 cm−1, respectively. Linear infrared absorption and 2D IR spectroscopy
combined with isotope labeling provide local structural and dynamics in-
formation [43, 52, 53]. These techniques together with temperature-jump
experiments allow one to determine the temperature dependence of protein
structure and the unfolding kinetics [70–73]. The amyloid fibril formation
mechanism and structural details of amyloid-inhibitor complex have also
been resolved with 2D IR spectroscopy [74–76]. Recently, determination
of tertiary structure of a transmembrane protein with isotope label 2D IR
spectroscopy has been reported [77].
1.3 Questions to be answered: Outline
While it is now clear that the linear infrared absorption and 2D IR tech-
niques may be successfully applied to obtain structural and dynamical in-
formation on proteins and peptides, several important questions remain to
be answered.
First, to understand and interpret spectra of proteins is a great challenge
and it requires spectral modeling and thorough theoretical enquiry. There
are existing models and parametrizations [78–91] to describe a quantum
vibrational system embedded in a surrounding classical system. In Chap-
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ter 2, the background theory and methods used in this thesis for modeling
and simulating linear infrared absorption and 2D IR spectra are discussed.
Here, the first question appears: ”Are the existing parametrizations appli-
cable for describing the amide I vibrations in all proteins?” The existing
parametrization can be used for the amide unit of all amino acid residues of
a peptide chain except the one which is preceding proline. This is because
of the structural difference between proline and other amino acid residues
as shown in Fig. 1.1. Proline is an important amino acid, frequently found
in the turns of proteins and responsible for the conformational stability of
the turn. To describe the amide I vibrations in proteins containing proline
such as elastin and collagen a new parametrization is necessary. In Chapter
3, we present such parametrization for the amide unit preceding proline.
The quality and the applicability of the parametrization are tested by car-
rying out spectral simulations of a number of peptides with proline in D2O
and comparing with experimental observations.
Second, there are existing lineshape analysis methods for 2D spectra which
quantitatively characterize the system dynamics. Here, questions are: ”How
accurate are the methods? Is it possible to distinguish the frequency de-
pendent spectral dynamics (non-Gaussian) from the frequency independent
spectral dynamics (Gaussian) using these analysis methods? Can frequency
correlation functions which encode the occurrence and time scales of dy-
namics be extracted from the spectra? Is there any way to measure the
non-Gaussianity present in systems with frequency dependent dynamics?”
To address these questions we examine the accuracy of commonly used line-
shape analysis methods for 2D spectra in Chapter 4. Systems with both
Gaussian and non-Gaussian dynamics are considered to check whether these
analysis techniques can distinguish between them. A direct link is estab-
lished between the frequency dependent correlation functions and a number
of lineshape metrics. We extend the existing lineshape analysis methods to
allow the extraction of the third-order correlation function from 2D spectra,
which is indeed a measure of non-Gaussianity.
Third, modeling, simulating, and analyzing spectra and then comparing
with experimental observations can lead to understanding the structure
and dynamics of proteins. Here a few questions arise: ”To what extent can
the dynamical surroundings of an amide I site be characterized? Can we
classify the amide I sites of a peptide or protein into groups each having
unique spectroscopic features depending on the local structures? What is
the most important lineshape parameter that should be monitored to dis-
tinguish spectroscopically between a solvent exposed unfolded configuration
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and a folded configuration of a peptide?” These questions are addressed in
Chapter 5. There, we use isotope edited 2D IR spectroscopy to obtain site
specific structural information in trpzip2, a small β-hairpin peptide spe-
cially designed as a model system for studying protein folding in β-sheet
structures. The dynamic environment surrounding the amide I sites are
characterized, followed by spectroscopic and structural classification of the
amide I groups into two categories: (a) the amide I unit is hydrogen bonded
to peptide forming a stable conformation, (b) solvent exposed sites form-
ing fast fluctuating hydrogen bonding with the solvent. This classification
is achieved from spectral simulations followed by lineshape analysis of the
simulated 2D spectra. These results enable future studies to identify dif-
ferent folding intermediates with different hydrogen bonding pattern in a
protein folding process.
Fourth, if a protein is subject to sudden thermal change caused by a
temperature-jump, it relaxes to a new equilibrium, allowing one to deter-
mine the relaxation kinetics. Now, questions are: ”Is there any simulation
methodology that can be used to model a temperature-jump experiment in
order to determine the unfolding kinetics of proteins? How sensitive is the
spectral change to the relaxation process after the temperature-jump?” An-
swering these question helps to track the pathway through different folding
intermediates in a folding/unfolding process. This leads us to Chapter 6,
where we introduce a simulation protocol to model a temperature-jump ex-
periment combined with linear infrared absorption and 2D IR spectroscopy
to resolve the relaxation kinetics of a cyclic β-hairpin peptide. To make
sure that most of the configuration space is explored an extensive REMD
simulation is carried out and the configuration space generated from the
simulation is decomposed into structurally distinct sub-ensembles used to
set up the T-jump simulation. These sub-ensembles have unique spectro-
scopic signatures and different populations at a particular temperature. All
of them contribute to the total spectrum which carries the characteristics
of the whole configuration space. We show how the T-jump affects the
populations of these sub-ensembles and thereby the total spectrum. The
corresponding kinetics and the underlying physical phenomena are unrav-
elled. We also address the question whether the force field used here is the
right choice or the use of different other force fields is necessary for access-
ing all possible configurations required to determine the unfolding kinetics
for this particular peptide.
Fifth, the last issue is determining the structure of proteins with high
conformational flexibility, such as elastin. Elastin and elastin-like peptides
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are amorphous and it is impossible to prepare samples of these peptides for
X-ray crystallography. Hence, this technique can not be used to determine
the crystal structure. NMR spectroscopy cannot be used to dig into their
structural heterogeneity because the conformational changes are expected
to occur on sub-nanosecond time scales. Now the question is: ”To what
extent is it possible to determine the structural sub-ensembles of these
peptides with the help of 2D IR spectroscopy?” To answer this, in Chapter
7, we report on a combined theoretical and experimental investigation to
resolve the hydrogen bonding structures of an elastin like peptide and its
mutants with 2D IR spectroscopy and determine their actual occurrence.
Probing the vibrational dynamics of the amide I unit preceding proline we
show that different turn structures can be distinguished and mutating the
amino acid residue preceding proline substantially alters the preferences
for the turn types. Here, we establish a methodology to determine the
distribution of structures of peptides and proteins of which conformational
changes occur on sub-nanosecond time scales.
We approach theoretically to answer the above questions, interpreting the
related infrared experimental observations for a number of small peptides.
Thus, we provide the tools to bridge between theory and experiments and
set up a new direction for further study of large peptides and proteins to
investigate structure, dynamics, and folding.
